Infectious Diseases in a Warming World:
Using a Modified SIR Model to Investigate
the Incidence Rates of Lyme Disease in
the New England Area
BY Carly Sullivan

ADVISOR • Dr. Kirsten Hokeness
EDITORIAL REVIEWER • Dr. Brian Blais

_________________________________________________________________________________________
Submitted in partial fulfillment of the requirements for graduation
with honors in the Bryant University Honors Program
April 2021

Table of Contents
ABSTRACT .............................................................................................................................. 1
INTRODUCTION .................................................................................................................... 2
Vector-borne Diseases .............................................................................................................. 3
Climate and Vector-borne Diseases .......................................................................................... 3
Lyme Disease ............................................................................................................................ 5
Ixodes Scapularis ...................................................................................................................... 5
Lyme Disease Signs & Symptoms ............................................................................................ 6
Lyme Disease Diagnosis & Treatment ..................................................................................... 6
LITERATURE REVIEW.......................................................................................................... 7
METHODOLOGY.................................................................................................................. 12
SIR Model ............................................................................................................................... 12
SIR Model Modified for Temperature Conditions ................................................................. 14
DATA ANALYSIS ................................................................................................................. 17
Scenario 1: Minimum and Maximum Temperature Increase ................................................. 18
Scenario 2: Maximum Temperature Only Increases ............................................................... 19
Scenario 3: Minimum Temperature Only Increases ............................................................... 19
CONCLUSION ....................................................................................................................... 20
APPENDICES ........................................................................................................................ 21
Appendix A – Code for Scenario 1 ......................................................................................... 21
Appendix B – Code for Scenario 2 ......................................................................................... 21
Appendix C – Code for Scenario 3 ......................................................................................... 23
REFERENCES........................................................................................................................ 24

Infectious Diseases in a Warming World
Honors Thesis by Carly Sullivan

ABSTRACT
The effects of climate change are global and unprecedented in scale. Public health is likely to
suffer as a result of the warming climate, and one particular risk is the increase in the
occurrence of vector-borne diseases (VBDs) in different regions across the world. The
purpose of this project is to investigate the impact of rising temperatures on the incidence
rates of Lyme disease in the New England area. Following a review of the existing literature
relating to the impact of climate factors on VBDs, an SIR model modified for temperature
conditions will be utilized to produce several simulated scenarios. Mean monthly
temperatures were gathered for a series of 10 months around Storrs, Connecticut, with
additional variables obtained or estimated based on the available literature. Analysis of the
data showed that higher mean temperatures coincided with earlier onset of Lyme disease
outbreaks in the New England area. Additionally, increasing the minimum average
temperature alone yielded the most significant results with an outbreak of the disease
occurring sooner and infecting a greater number of hosts. This information could be
significant in informing how we utilize pesticides in the future.
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INTRODUCTION
Climate change is one of the biggest threats to humankind that exists in our world today.
From shifting weather patterns to rising sea levels, the effects of climate change are global
and unprecedented in scale. Many fail to realize that along with the environment, public
health will likely suffer as a result of the warming planet. Figure 1 below shows some of the
impacts we have already started to see across the globe (CDC 2021).

Figure 1. Impact of Climate Change on Human Health

The average surface temperature across the United States has risen at a rate of 0.14°F per
decade since 1901 (EPA 2016). Global surface temperatures have shown a similar pattern,
rising an average 0.15°F. Temperatures have risen faster since the late 1970s. In fact, eight of
the top ten warmest years on record for the U.S. occurred in the years after 1998. The two
warmest years to date were 2012 and 2015, the latter being the warmest year on record
worldwide. Additionally, 2006-2015 was the warmest decade on record since the start of
thermometer-based temperature observations. However, data shows that since the late 1970s,
the United States alone has actually warmed faster than the global rate. Some areas of the
country have experienced more warming than others. Specifically, the North, West, and
Alaska have seen the most increase in temperature (EPA 2016). These areas are a cause for
concern in regards to the spread of vector-borne diseases.
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Vector-borne Diseases
Vector-borne diseases (VBDs) are diseases which are transmitted between humans or from
animals to humans through the bite of an insect (WHO 2020). These blood-sucking insects
ingest microorganisms from an infected host during a blood meal and then transmit those
pathogens to a new host. They are
often able to transmit the pathogen
during each subsequent bite for the
rest of their life. VBDs can be
caused by parasites, bacteria, or
viruses (CDC 2021). They account
for more than 17% of all infectious
Figure 2. Vector-borne Diseases

diseases and cause more than

700,000 deaths annually. Figure 2 above displays some of the most common vectors as well
as some of the diseases they carry (WHO 2020).

Climate and Vector-borne Diseases
Changes in temperature, humidity, precipitation, and other climate factors influence the
development, reproduction, behavior, and population dynamics of these vectors and their
subsequent pathogens. This is creating new uncertainties about the incidence and spread of
VBDs around the world. Rising global temperatures have the ability to lengthen the vector
season and increase the geographic range of pathogen-carrying insects, allowing them to
move into areas which were uninhabitable to them before (Climate Nexus). Increased rain,
humidity, and flooding is contributing to the creation of more viable areas for vector breeding.
Additionally, changes in vegetation and agricultural practices are also contributing to changes
in distribution of disease vectors. Figure 3 below highlights some of the most significant
impacts of climate change on vectors, whereas Figure 4 highlights other indirect contributors
(Climate Nexus). Due to the evidence suggesting a correlation between these factors, it is
essential that we investigate the impact of climate change on various vector-borne diseases in
different areas around the world.
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Figure 3. Direct Climate Change Effects on Disease Vectors

Figure 4. Indirect Climate Change Effects on Disease Vectors
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Lyme Disease
Lyme disease is the most common vector-borne disease in the
United States, with an estimated 476,000 people getting the
disease each year (CDC 2021). It takes its name from Lyme,
Connecticut, where the illness was first described in 1975. It is
caused mainly by the spirochete bacterium Borrelia

Figure 5. Borrelia burgdorferi

burgdorferi, which consists of long, helically coiled cells as can be seen in Figure 5
(Scientific Research Communication 2017). Cases of Lyme are concentrated in the Northeast
and upper Midwest, with 14% of states accounting for more than 96% of cases (CDC 2018).
These statistics coincide with the rapidly increasing temperatures being seen in those areas.

Ixodes Scapularis
Lyme disease is transmitted to humans through the bite of an infected Ixodes scapularis,
otherwise known as the black-legged or deer tick (CDC 2020). The life cycle of these insects
is depicted in Figure 6 below (CDC 2020). It typically lasts two years and consists of four
main stages: egg, six-legged larva, eight-legged nymph, and adulthood. Throughout their life,
these ticks can feed on mammals, birds, reptiles, or amphibians. They prefer to have a new
host at each stage of their life. In order to survive, they must have a blood meal at every stage.
Nymphs are believed to be the most significant life stage in terms of pathogen transmission to
humans.

Figure 6. Ixodes Scapularis Life Cycle
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Lyme Disease Signs & Symptoms
Although Lyme disease can present in a variety of ways, the
most common symptoms are fever, chills, swollen lymph
nodes, headache, muscle and joint aches, and fatigue
(Medline Plus 2020). Another hallmark sign of Lyme is a
characteristic skin rash known as Erythema migrans (EM).
Most people who have contracted the disease will present
with this rash. As shown in Figure 7, the rash is described as
having a “bull’s-eye” appearance (Goldberg 2011). The rash
may start out small and continue to get bigger over a period
Figure 7. "Bull's-eye Rash"

of several days. It may also feel warm to the touch.

If left untreated, the infection can spread to your joints, heart, and nervous system, causing a
variety of more serious health complications. These include severe headache and neck
stiffness, facial palsy (weakness of the facial muscles causing drooping), arthritis with severe
joint pain and swelling, irregular heartbeat known as Lyme carditis, episodes of dizziness or
shortness of breath, and even inflammation of the brain and spinal cord (Medline Plus 2020).

Lyme Disease Diagnosis & Treatment
In order to diagnose someone with Lyme disease, healthcare providers will rely on a variety
of factors (Medline Plus 2020). They will first consider a patient’s symptoms and physical
findings. Additionally, they will assess that patient’s likeliness of exposure to infected blacklegged ticks. Physicians will also rule out the possibility of other illnesses causing the
symptoms through an extensive differential diagnosis and evaluation of past medical history.
Finally, they will collect a blood sample to look for antibodies made in response to the
infection. Presence of these specific antibodies indicate a positive test result for the disease.
Because Lyme disease is caused by bacteria, it can be treated with antibiotics. Generally, the
earlier the treatment occurs, the greater the likelihood that an infected patient makes a full
recovery. However, some patients will go on to develop what is known as Post-Treatment
Lyme Disease Syndrome (PTLSD). They will experience pain, fatigue, and difficulty thinking
that can last over six months. Researchers are unsure why PTLSD develops in some patients,
and there are currently no proven treatments available (Medline Plus 2020).
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LITERATURE REVIEW
Many scientists and researchers around the world have started to examine the impact of
climate change on vector-borne diseases. Numerous disease states in a wide range of locations
have been assessed, and the information found in those assessments have been used in many
different types of models to make projections for the future.
The changing climate is expected to produce alterations in the spatial distribution, seasonal
cycles, and incidence rate of many types of diseases. One challenge has been determining
those diseases that are climate-sensitive from those that are not. In 2017, the first risk
assessment to quantitatively examine the sensitivity to climate of pathogens with the largest
impact on human and domestic animal health was performed in Europe (McIntyre 2017).
Using H-index methodology, they obtained H-indices for 3,628 pathogens and selected the
200 highest-impact pathogens for detailed response. Pathogens were systematically reviewed
and assessed for evidence of sensitivity to 190 different climate drivers. They found that 157
pathogens (63%) were climate sensitive. Of those pathogens, 82% were sensitive to primary
drivers such as temperature, rainfall, humidity, and wind speed. It was also noted that
protozoa, helminths, vector-borne, soilborne, and food and waterborne routes of transmission
were associated with larger numbers of climate drivers (McIntyre 2017). With this evidence,
the importance of investigating the link between climate and vector-borne diseases is justified.
Vector-borne diseases are major causes of illness and death worldwide. In the United States,
the most common vector-borne pathogens are transmitted either by mosquitoes or ticks. A
2018 study published in the Morbidity and Mortality Weekly Report of the Centers for
Disease Control and Prevention (CDC) examined trends in the occurrence of VBDs in the US
between 2004 and 2016 (Rosenberg 2018). Data were acquired from the National Notifiable
Diseases Surveillance and tabulated by disease, vector type, location, and year. They found a
total of 642,602 cases of 16 different vector-borne diseases reported to the CDC. Analysis of
the data showed that tick-borne diseases more than doubled in the thirteen-year period,
accounting for 77% of all VBDs in the US. Lyme disease accounted for 82% of those tickborne cases, highlighting itself as the most prevalent in the country. Lyme and other tickborne diseases predominated in the eastern US, as well as areas along the Pacific. On the
other hand, West Nile virus (WNV) was widely distributed in the continental US and US
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territories. This was observed to be the major mosquito-borne disease in the United States,
proving to be occasionally epidemic in some areas. Additionally, nine VBDs were reported
for the first time in the US and territories during this period (Rosenberg 2018). This is likely
due to an increase in climate suitability, although other factors such as tourism and trade may
play a minor role as well. From this report, it is evident that two of the most prevalent VBDs
in the United States are Lyme disease and West Nile virus, and therefore these should be
emphasized in current and future research.
Several studies have been conducted assessing the impact of weather patterns on West Nile
virus mosquito populations in the United States. A 2009 study investigated meteorological
conditions associated with reported WNV cases in the US, conducting a case-crossover
including 16,298 cases reported to the CDC between 2001 and 2005 (Soverow 2009). Primary
outcome measures included the incidence ratio of disease occurrence associated with mean
weekly maximum temperature, cumulative weekly temperature, mean weekly dew point
temperature, cumulative weekly precipitation, and the presence of greater than one day of
heavy rainfall during the month prior to symptom onset. They found that increasing weekly
cumulative temperature and weekly maximum temperature were both strongly associated with
a 35-83% higher incidence of WNV in the next month. Overall, they were able to conclude
that high humidity, warming temperatures, and heavy precipitation increased the rate of West
Nile virus infection in the US. It is important to note, however, that data only on the county of
residence were used for each case, leading to possible misclassification of exposure due to
differences in weather patterns across counties (Soverow 2009). Other studies choose to focus
on a specific county, such as one conducted in 2011 in Henrico County, Virginia
(Deichmeister 2011). They sought to determine if the potential for WNV transmission was
related to landscape or climate factors, or both. Mosquitoes were collected in pools of 10-50
throughout the 2005, 2006, and 2007 seasons from both urban and suburban neighborhoods.
Abundance was examined in relation to ecological variables, such as temperature,
precipitation, canopy cover, building footprint, and proximity to drainage infrastructure. They
found that combined sewer overflow systems are large contributors to Culex vector
population growth. Temperature and low precipitation were also implicated as strong
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predictors of mosquito population growth, supporting other regional studies that found WNV
to proliferate under drought conditions (Deichmeister 2011).
Although there are many existing mosquito species known to carry West Nile virus, some
studies will focus on a single vector. One study conducted in 2013 used a general circulation
model output to stimulate vector abundance under base and future climate for Culex
quinquefasciatus across the Southern United States (Morin 2013). Data for each location
including daily maximum temperature, minimum temperature, and total precipitation were
obtained from the US Historical Climatology Network (USHCN) for the years 1970 through
1999. They found that in the eastern United States, Culex quinquefasciatus response to
projected climate change displays a latitudinal and elevational gradient. Additionally,
projected onset of mosquito season is delayed in the southwestern United States overall due to
extremely hot and dry springs and summers. However, increased temperature and late rains in
the summer and fall extend the mosquito season in these areas (Morin 2013). Another vector
responsible for transmitting pathogens which cause West Nile virus is known as Aedes
albopictus, commonly referred to as the Asian tiger mosquito. A 2015 study utilized a general
circulation model at 50-kilometer horizontal resolution in order to simulate mosquito survival
variables – such as temperature, precipitation, and relative humidity – for this particular
vector (Proestos 2015). Habitat suitability projections were presented for both global and
regional areas up to the mid-twenty-first century. They found that approximately 2.4 billion
individuals in a land area of about 20 million square kilometers may potentially be exposed to
the Asian tiger mosquito by 2050. Their calculations indicate highly favorable conditions for
Aedes albopictus in most of the wet tropical regions and very suitable conditions in the
subtropical parts of Brazil, the southeastern US, southern Africa, southeastern China, and the
northern part of the Mediterranean basin (Proestos 2015).
While West Nile virus remains the most prevalent mosquito-borne disease in the US, Lyme
disease accounts for the vast majority of tick-borne diseases in the nation. One study
conducted as recently as 2020 estimated the impact of prior temperature and precipitation
conditions on Lyme disease incidence in the US in order to make future projections (Couper
2020). Annual, county-level reports of cases from 2000 to 2017 were obtained from the CDC
and a panel data statistical modeling approach was used in order to examine prior effects of
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climate change on the disease. They found that relevant climate variables and the magnitude
of their effects vary strongly between regions of the US, with larger apparent effects in the
Northeast and Midwest (where Lyme disease has recently increased substantially). Key
predictors were winter temperatures, spring precipitation, dry summer weather, and
temperature variability. From their results they predicted that the total incidence of Lyme
disease in the US will significantly increase by 2100 under a moderate scenario, with the
majority of new cases expected to occur in the Northeast and Midwest (Couper 2020). While
this information is some of the most recent available on the topic, it is important to note that it
has been released only as a “preprint” version and therefore needs to be peer-reviewed for
accuracy. Another study which has been fully reviewed was conducted in 2003 to predict the
spatial distribution of Ixodes scapularis – otherwise known as the black-legged tick – in the
US and to improve upon existing models of distribution trends (Brownstein 2003). Groundobserved environmental data were obtained from 1961 to 1990 and used to predict the
probability of established black-legged tick populations in the 48 contiguous states. Climate
surfaces were derived from the interpolation of station data as a function of latitude,
longitude, and elevation. Cell statistics were calculated for mean, maximum, minimum, and
standard deviation and a logistic model was derived for the relationship between the
environment and the known vector population. Analysis of all environmental variables
showed distinct quantitative relationships with the probability of established Ixodes scapularis
population. Autologistic analysis showed that maximum, minimum, and mean temperatures as
well as vapor pressure significantly contribute to population maintenance (Brownstein 2003).
However, this study cannot be considered the only layer necessary to identify areas of risk for
Lyme disease. A second layer illustrating infection prevalence is needed to complete a full
risk map and enable improved predictions. This study is also limited in the fact that it does not
predict the distribution of Ixodes pacificus, or the western black-legged tick.
Another important layer to consider in studying the impact of climate change on these vectorborne diseases is the role of host animals in the spread of the disease, as well as the impacts
they are facing in conjunction with the vectors themselves. Recent statistics show that the
distribution of Peromyscus leucopus, or the white-footed mouse, is expanding northward. The
white-footed mouse is an important reservoir for Borrelia burgdorferi, one of the major
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pathogens responsible for Lyme disease. A 2013 study sought to determine some of the
climatic characteristics limiting the distribution of the white-footed mouse and to create a
model for potential future distribution under global warming (Roy-Dufresne 2013). A niche
model for southern Quebec was used to determine the climatic factors, identified as mean
snow depth, mean precipitation, minimum and maximum temperatures, and winter length. An
additional set of species distribution models over the entire study area was also used to
maximize the predictive power in determining the range of poleward shift. For the niche
model, 73 records of the white-footed mouse in southern Quebec collected between 1966 and
2011 were used. For the distribution model, 404 records obtained from 1990 to 2011 were
used. The combination of these two methods demonstrated that a mild and shorter winter is
favoring northern expansion of the white-footed mouse. They also projected that by 2050
even more favorable winter conditions will exist, leading its distribution range to expand
further north by 3° latitude (Roy-Dufresne 2013). These changes in distribution of the species
will likely also alter the geographical range of them pathogen, thus bringing Lyme disease to
areas which have never been exposed to it before. Another study conducted in 2012
investigated relations between prevalence of blood parasites, temperature, and seasonal
rainfall in an endangered host community of birds in the Australian Wet Tropics (ZamoraVilchis 2012). Data were collected in 2005 and 2006 from the South Johnston/Atherton
Tablelands area and the Carbine Range, two localities within the same bioregion which have
similar vegetation structure and bird faunas. PCR screening was used to investigate both the
prevalence and diversity of four genera of blood parasites in 403 birds. These parasites
included Plasmodium, Haemoproteus, Leucocytozoon, and Trypanosoma. They found that the
overall prevalence of the four parasites was 32.3%, with Haemoproteus being the
predominant genus. Findings showed that prevalence of parasites was strongly positively
associated with annual temperature and that it was elevated during the dry season. High
temperatures of lowland areas provided a highly suitable environment for the development
and transmission of Haematozoa (Zamora-Vilchis 2012). Therefore, rising temperatures are
likely to lead to increased prevalence of parasites in birds, and in some cases may even force
them to move into areas of higher elevation.

- 11 -

Infectious Diseases in a Warming World
Honors Thesis by Carly Sullivan
This project will contribute to the fairly extensive body of research which already exists on
this topic. As it has been reported by the CDC and various other sources, Lyme disease is the
most prevalent vector-borne disease in the United States. As shown in Figure 8 below, the
number of Lyme disease cases is rising significantly, particularly in the Northeast (U.S.
Global Change Research Program). This is likely due to changes being produced in our
climate over time. For this reason, this project will investigate the impact that rising
temperatures will have on the incidence rates of Lyme disease in the New England area.

Figure 8. Lyme Disease Case Report Distribution

METHODOLOGY
SIR Model
The method used to conduct this project was the SIR model. The SIR model is one of the
simplest compartmental models in epidemiology. It is often used to simplify the mathematical
modeling of various types of infectious disease states. The model works by dividing the
population into three compartments, with the assumption that individuals within those
compartments have the same characteristics. The compartments are:
•

S = number of susceptible individuals

•

I = number of infected individuals

•

R = number of recovered of deceased individuals

Variances can be shown by making these values a function of time t: S(t), I(t), and R(t). N is
also included in the model and represents the sum of the S, I, and R categories at any point in
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time. As shown in Figure 9 below, individuals can progress between compartments based on
the specified transition rates. Beta (β) represents the transmission probability of the disease
and gamma (γ) represents the recovery or death rate. These transition rates vary and are
unique to the disease being studied.

Figure 9. Basic SIR Model

The model is represented through a system of differential
equations, depicted in Figure 10. Plugging in values for the
various parameters, the model allows researchers to run
simulations and produce graphs which show how these categories
will fluctuate over time. Figure 11 uses hypothetical values to
produce an example. Google Colab was utilized to execute the
Python code for all simulations included in this project.

Figure 11. SIR Model Simulation Example
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SIR Model Modified for Temperature Conditions
The main reference used in this project was a study conducted at the National Institute of
Technology (NIT) in New Delhi, India (Arquam 2019). Researchers in this study were able to
integrate environmental temperature conditions into the basic SIR model to modify
assessment for vector-borne diseases. They accomplished this by formulating the biting rate
of a vector as it relates to temperature. Figure 12
depicts this equation, where b0 represents the biting
Figure 12. Vector Biting Rate Equation

rate at temperature T0 and T0 represents the
temperature where biting is at maximum. In other words, T0 is the optimal temperature for
biting. Based on available data, they formulated the maximum biting ratio as 0.4 at around 65
°F (Arquam 2019). This is further shown in Figure 13. This biting rate equation was included
in the code executed for the simulations in this project, allowing temperature to be
incorporated into the basic SIR model.

Figure 13. Vector Biting Rate Graph
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Figure 14 below depicts a block diagram of the model used in this project. It consists of two
layers: the host population (humans) and the vector population (ticks). The diagram shows
how each element in the model interacts with each other in this complex system. Note b(T) is
incorporated in the interactions of each layer.

Figure 14. Block Diagram of Modified SIR Model

The full system of equations used in the model can be seen in Figures 15 and 16 below.

Figure 15. Host Equations
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Figure 16. Vector Equation

The table below includes a description of all parameters used in the model as well as any
values they are represented by (if applicable). According to a statewide tick survey conducted
in Connecticut, Lyme disease was found in 46% of ticks (Stannard 2020). The fraction of
infected vectors (Iv) was therefore valued at 0.46, assuming similar vector dynamics in the rest
of New England. The remainder of the values were taken directly from the NIT study or
estimated based on the available literature and knowledge pertaining to the dynamics of Lyme
disease vectors (Arquam 2019).
Parameters Used in Model
Value (If
Name of Parameter

Description

Applicable)

Sh

Fraction of susceptible hosts

N/A

Ih

Fraction of infected hosts

N/A

Rh

Fraction of recovered hosts

N/A
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Sv

Fraction of susceptible vectors

N/A

Iv

Fraction of infected vectors

0.46

Rv

Fraction of deceased vectors

N/A

βh

Transmission probability from host to host

0.6

βvh

Transmission probability from vector to host

0.4

βhv

Transmission probability from host to vector

0.6

b(T)

Temperature-dependent biting rate of vector

N/A

b0

Biting rate of vector at T0

0.4

T0

Optimal temperature for biting

60°F

γv

Death rate of vector population

0.01

γh

Recovery rate of host population

0.1

DATA ANALYSIS
Using the model, three different scenarios were simulated in which the minimum and
maximum temperatures of a season were manipulated, while maintaining a consistent trend of
a 2°F increase in mean temperature. In this way, the model allows for the exploration of the
response of the disease not only to increasing average temperature, but to changes in the
minimum and maximum temperatures as well. Mean monthly temperature data was gathered
from January to October 2020 for Storrs, Connecticut from NASA’s GISS Surface
Temperature Analysis version 4. The data revealed a minimum average temperature of 33°F
and a maximum average temperature of 77°F (NASA). These minimum and maximum
average temperatures were incorporated into a parabola showing fluctuations in temperature
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over a period of 300 days. These values were then manipulated in a series of simulations to
determine the impact of rising temperatures on Lyme disease infection rates. In Scenario 1,
both the minimum and maximum average temperature were increased. In Scenario 2, the
maximum temperature only was increased. In Scenario 3, the minimum temperature only was
increased. Figure 17 below depicts these manipulations in which the blue line represents the
lowest temperature (or starting point), the orange line represents the median temperature, and
the green line represents the highest temperature. The full Python code executed for each
scenario in this project can be found in Appendices A-C.

Figure 17. Three Scenarios

Scenario 1: Minimum and Maximum Temperature Increase

Figure 18. Scenario 1

Figure 18 above depicts Scenario 1, in which both the minimum and maximum average
temperature increase. The three graphs show temperature over time, the fraction of infected
hosts over time, and the biting ratio over time, respectively. Examining the second graph,
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there is little change to be noted in the magnitude of infected hosts. However, higher
temperatures can be seen to coincide with an earlier start of a disease outbreak. In the third
graph, it can be noted that the biting ratio reaches its peak of 0.4 at a faster rate when the
temperature is higher.

Scenario 2: Maximum Temperature Only Increases

Figure 19. Scenario 2

Figure 19 above depicts Scenario 2, in which the maximum temperature only increases. The
results of this simulation are interesting to note, as the second graph displays virtually no
change in the timing or magnitude of a Lyme disease outbreak. This suggests that changing
the maximum temperature is less significant to examine changes in infection rates. Similar to
Scenario 1, however, the biting ratio once again reaches its peak faster at higher temperatures.

Scenario 3: Minimum Temperature Only Increases

Figure 20. Scenario 3

Figure 20 above depicts Scenario 3, in which the minimum temperature only increases. This
scenario yields the most significant results, as a Lyme disease outbreak occurs sooner and
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infects a greater number of hosts as the minimum temperature increases. This is demonstrated
in the second graph. The third graph shows little change in the biting ratio.

CONCLUSION
This project sought to investigate the impact of rising temperatures on the incidence rates of
Lyme disease in the New England area. The results of the simulations conducted indicate that
higher mean temperatures coincide with earlier onset of Lyme disease outbreaks.
Additionally, raising the minimum average temperature leads to a greater infection rate in the
host population. These results are significant because they could inform how pesticides are
utilized in the Northeast. Since rising temperatures are causing outbreaks to occur sooner,
perhaps spraying for ticks earlier on in the season could help reduce transmission. As
scientific research often consists of building upon the work of others in the field, this project
could also be used as a starting point for any individuals wanting to look into this topic. More
studies are needed to determine the impact of other environmental factors such as humidity
and precipitation on all types of vector-borne diseases. Other areas of the world should also be
investigated, as this project represents only a small piece of a global issue which requires our
immediate attention and action.
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APPENDICES
Appendix A – Code for Scenario 1
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Appendix B – Code for Scenario 2
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Appendix C – Code for Scenario 3

- 23 -

Infectious Diseases in a Warming World
Honors Thesis by Carly Sullivan

REFERENCES
Brownstein, J.S., Holford, T.R., and Fish, D. (2003), A Climate-Based Model Predicts the
Spatial Distribution of the Lyme Disease Vector Ixodes scapularis in the United
States. Environ Health Perspect, 111:1152-1157. doi:10.1289/ehp.6052
Climate Change Indicators: U.S. and Global Temperature (2016), EPA.
https://www.epa.gov/climate-indicators/climate-change-indicators-us-and-global
temperature
Climate Effects on Health (2021), CDC.
https://www.cdc.gov/climateandhealth/effects/default.htm
Climate Risk and Spread of Vector-borne Diseases (n.d.), Climate Nexus.
https://climatenexus.org/climate-issues/health/climate-change-and-vector-bornediseases/
Couper, L.I., MacDonald, A.J., and Mordecai, E.A. (2020), Impact of prior and projected
climate change on US Lyme disease incidence. bioRxiv 2020.01.31.929380;
https://doi.org/10.1101/2020.01.31.929380
Deichmeister, J.M. and Telang, A. (2011), Abundance of West Nile virus mosquito vectors in
relation to climate and landscape variables. Journal of Vector Ecology, 36: 75-85.
doi:10.1111/j.1948-7134.2011.00143.x
Goldberg, C (2011). When You Think It Might Be Lyme Disease. WBUR.
https://www.wbur.org/commonhealth/2011/07/01/lyme-disease-antibiotics
How many people get Lyme disease? (2018), CDC.
https://www.cdc.gov/lyme/stats/humancases.html
How ticks spread disease (2020), CDC. https://www.cdc.gov/ticks/life_cycle_and_hosts.html

- 24 -

Infectious Diseases in a Warming World
Honors Thesis by Carly Sullivan
Lyme Disease (2021), CDC. https://www.cdc.gov/lyme/index.html
Lyme Disease (2020), MedlinePlus.
https://medlineplus.gov/lymedisease.html#:~:text=Lyme%20disease%20is%20a%20b
acterial,can%20help%20you%20recover%20quickly.
McIntyre, K.M., Setzkorn, C., Hepworth, PJ., Morand, S., Morse, A.P., and Baylis, M.
(2017), Systematic Assessment of the Climate Sensitivity of Important Human and
DomesticAnimals Pathogens in Europe. Scientific reports, 7(1), 7134.
https://doi.org/10.1038/s41598-017-06948-9
Md Arquam, Anurag Singh, Hocine Cherifi. Integrating Environmental Temperature
Conditions into the SIR Model for Vector-Borne Diseases. Volume 2 Proceedings of
the Eighth International Conference on Complex Networks and Their Applications
COMPLEX NETWORKS 2019 Part of the Studies in Computational Intelligence
book series (SCI, volume 882), pp.412-424, 2020, ff10.1007/978-3-030- 36687
2_34ff. ffhal-02423853f
Morin, C.W. and Comrie, A.C. (2013), Regional and seasonal response of a West Nile virus
vector to climate change. Proceedings of the National Academy of Sciences, 110 (39)
15620-15625. https://doi.org/10.1073/pnas.1307135110
Proestos, Y., Christophides, G.K., Ergüler, K., Tanarhte, M., Waldock, J., and Lelieveld, J.
(2015), Present and future projections of habitat suitability of the Asian tiger
mosquito, a vector of viral pathogens, from global climate simulation. Philosophical
transactions ofthe Royal Society of London. Series B, Biological sciences, 370(1665),
20130554. https://doi.org/10.1098/rstb.2013.0554
Rosenberg, R., Lindsey, N.P., Fischer, M., et al. (2018), Vital Signs: Trends in Reported

- 25 -

Infectious Diseases in a Warming World
Honors Thesis by Carly Sullivan
Vectorborne Disease Cases – United States and Territories, 2004-2016. Morbidity and
Mortality Weekly Report (MMWR), 67:496-501.
doi: http://dx.doi.org/10.15585/mmwr.mm6717e1external icon.
Roy-Dufresne E., Logan T., Simon J.A., Chmura G.L., Millien V. (2013), Poleward
Expansion of the White-Footed Mouse (Peromyscus leucopus) under Climate Change:
Implications for the Spread of Lyme Disease. PLoS ONE 8(11): e80724.
doi:10.1371/journal.pone.0080724
Scientific Research Communication. (2017), Lyme in your bones. Medium.
https://medium.com/health-and-biological-research-news/lyme-in-your-bonesbd25e84efd7f
Soverow, J.E., Wellenius, G. A., Fisman, D.N., and Mittleman, M.A. (2009), Infectious
Disease in a Warming World: How Weather Influenced West Nile Virus in the United
States (2001-2005). Environ Health Perspect, 117:1049-52.
https://doi.org/10.1289/ehp.0800487
Stannard, E (2020). Statewide tick survey finds ticks carrying 5 different diseases in CT. New
Haven Register. https://www.nhregister.com/news/article/Statewide-tick-survey-findsticks-carrying-5-15071401.php
Station Data: Storrs (41.7950N, 72.2286W) (n.d.), NASA. https://data.giss.nasa.gov/cgibin/gistemp/stdata_show_v4.cgi?id=USC00068138&dt=1&ds=14
Vector-borne Diseases (n.d.), U.S. Global Change Research Program.
https://health2016.globalchange.gov/vectorborne-diseases
Vector-borne diseases (2020), WHO. https://www.who.int/news-room/factsheets/detail/vector-borne-diseases

- 26 -

Infectious Diseases in a Warming World
Honors Thesis by Carly Sullivan
West Nile virus (2019), CDC. https://www.cdc.gov/westnile/index.html
Zamora-Vilchis, I., Williams, S.E., and Johnson, C.N. (2012), Environmental temperature
affects prevalence of blood parasites of birds on an elevation gradient: implications for
disease in a warming climate. PloS one, 7(6), e39208.
https://doi.org/10.1371/journal.pone.0039208

- 27 -

